The relative importance of stomatal and nonstomatal limitations to net photosynthesis (A) and possible signals responsible for stomatal limitations were investigated in unhardened Pinus taeda seedlings at low soil temperatures. After 2 days at soil temperatures between 13 and 70C, A was reduced by 20 to 50%, respectively. The reduction in A at these moderate root-chilling conditions appeared to be the result of stomatal limitations, based on the decrease in intercellular CO2 concentrations (ci). This conclusion was supported by A versus ci analysis and measurements of 02 evolution at saturating C02, which suggested increases in stomatal but not biochemical limitations at these soil temperatures. Nonuniform stomatal apertures, which were demonstrated with abscisic acid, were not apparent 2 days after root chilling, and results of our A versus cl analysis appear valid. Bulk shoot water potential (I) declined as soil temperature dropped below 168C. When half the root system of seedlings was chilled, shoot I and gas-exchange rates did not decline. Thus, nonhydraulic root-shoot signals were not implicated in stomatal limitations. The initial decrease in leaf conductance to water vapor after root chilling appeared to precede any detectable decrease in bulk fascicle I, but may be in response to a decrease in turgor of epidermal cells. These reductions in leaf conductance to water vapor, which occurred within 30 minutes of root chilling, could be delayed and temporarily reversed by reducing the leaf-to-air vapor-pressure deficit, suggesting that hydraulic signals may be involved in initiating stomatal closure. By independently manipulating the leaf-to-air vapor-pressure deficit of individual fascicles, we could induce uptake of water vapor through stomata, suggesting that nonsaturated conditions occur in the intercellular airspaces. There was an anomaly in our results on seedlings maintained for 2 days at soil temperatures below 70C. In cold soils, decreased root permeability (22-24) and increased water viscosity lead to a decline in g&3 (16, 20) . This reduction in g1, which is often associated with a decrease in shoot or leaf ', presumably limits net A. However, reductions in g& at low soil temperatures (2, 5, 30), as well as apparent stomatal limitations of A (5) have also been observed without decreases in bulk leaf A. In these cases, the mechanisms responsible for reduced g& are unknown but may be associated with: (a) hydraulic signals such as subtle changes in xylem flux (30) that may reduce turgor of leaf epidermal cells but go undetected at the bulk leaf or shoot level; or (b) nonhydraulic signals between the roots and shoots involving hormones (3). In addition to reductions in g1, apparent nonstomatal limitations of A may develop at low soil temperatures (6, 7, 32), possibly through carbohydrate feedback inhibition (6, 7, 14) .
tively. The reduction in A at these moderate root-chilling conditions appeared to be the result of stomatal limitations, based on the decrease in intercellular CO2 concentrations (ci). This conclusion was supported by A versus ci analysis and measurements of 02 evolution at saturating C02, which suggested increases in stomatal but not biochemical limitations at these soil temperatures. Nonuniform stomatal apertures, which were demonstrated with abscisic acid, were not apparent 2 days after root chilling, and results of our A versus cl analysis appear valid. Bulk shoot water potential (I) declined as soil temperature dropped below 168C. When half the root system of seedlings was chilled, shoot I and gas-exchange rates did not decline. Thus, nonhydraulic root-shoot signals were not implicated in stomatal limitations. The initial decrease in leaf conductance to water vapor after root chilling appeared to precede any detectable decrease in bulk fascicle I, but may be in response to a decrease in turgor of epidermal cells. These reductions in leaf conductance to water vapor, which occurred within 30 minutes of root chilling, could be delayed and temporarily reversed by reducing the leaf-to-air vapor-pressure deficit, suggesting that hydraulic signals may be involved in initiating stomatal closure. By independently manipulating the leaf-to-air vapor-pressure deficit of individual fascicles, we could induce uptake of water vapor through stomata, suggesting that nonsaturated conditions occur in the intercellular airspaces. There was an anomaly in our results on seedlings maintained for 2 days at soil temperatures below 70C. Lower A appeared primarily the result of nonstomatal limitations, based on large increases in calculated c, and A versus ci analysis. In contrast, measurements of 02 evolution at saturating CO2 concentrations implied nonstomatal limitations per se did not increase at these temperatures. One explanation for this paradox is that calculations of c, are unreliable at very low gas-exchange rates because of inadequate measurement resolution, and limitations of A are predominantly stomatal. An alternative interpretation is that increases in c, are real and the results from 02-evolution measurements are in error. The high CO2 concentration used in 02-evolution measurements (15%) may have overcome nonstomatal limitations by enzymes that were down-regulated by a feedback mechanism. In In cold soils, decreased root permeability (22) (23) (24) and increased water viscosity lead to a decline in g&3 (16, 20) . This reduction in g1, which is often associated with a decrease in shoot or leaf ', presumably limits net A. However, reductions in g& at low soil temperatures (2, 5, 30) , as well as apparent stomatal limitations of A (5) have also been observed without decreases in bulk leaf A. In these cases, the mechanisms responsible for reduced g& are unknown but may be associated with: (a) hydraulic signals such as subtle changes in xylem flux (30) that may reduce turgor of leaf epidermal cells but go undetected at the bulk leaf or shoot level; or (b) nonhydraulic signals between the roots and shoots involving hormones (3) . In addition to reductions in g1, apparent nonstomatal limitations of A may develop at low soil temperatures (6, 7, 32) , possibly through carbohydrate feedback inhibition (6, 7, 14) .
The objective ofthe present study was to assess the potential contribution of stomatal and nonstomatal limitations to A under root chilling conditions. In addition, a split-root experiment and measurements ofstomatal responses to VPD under various root-temperature regimes were conducted to evaluate the potential involvement of needle water status and chemical signals from roots in initiating the stomatal response to low root temperature. Unhardened seedlings of Pinus taeda L. (loblolly pine) were used for these experiments. P. taeda is a chilling-sensitive species (17) (9, 29) , we examined the effect of root chilling on heterogeneity of stomatal aperture using autoradiography after assimilation of '4CO2. We fed ABA to excised needles in an attempt to induce stomatal heterogeneity in P. taeda. The base of a needle fascicle was cut and maintained under distilled H20, placed in a gas-exchange cuvette (20 cm3 volume) under standard conditions and allowed to attain steady-state A. Cis-trans ABA dissolved in 5% ethanol was applied to the distilled H20 to achieve a 10-4 M concentration. After 30 min, a decline in A was apparent and 0.5 ,uCi/,mol of 1"CO2 was injected into the cuvette for 1 min. After purging the cuvette, needles were rapidly frozen between two aluminum plates and placed on x-ray film at -80C for 24 (8) . Light supplied by a metal halogen lamp (LS2, Hansatech) was passed through 4 cm of CuS04 solution (5% in distilled H20) to maintain needle temperatures at 24°C. The $ was determined from five irradiances between 0 and 90 Mmol m-2 s-', while Amax was measured at 1200 Amol m-2 s_'. Before each measurement, the chamber was flushed with humidified 15% CO2 in air.
Split-Root Experiment
We used a split-root experiment to evaluate whether reductions in gas-exchange rates after root cooling appeared dependent on reductions in shoot I. At 20 d after germination, the soil was gently washed from seedling roots and the primary root was severed 2 cm below the stem base. The remaining root system was divided equally between two torpedo pots and seedlings were returned to the growth chamber. After 1 10 d, seedlings were divided into three groups and soil temperature was maintained at 24TC (five seedlings), 7C (10 seedlings), or 10C (10 seedlings), beginning at 1200 h. The entire root systems of five seedlings in the 7TC and the 10C groups were chilled, while only half the root systems were chilled in the remaining five seedlings in each group. The nonchilled half of these root systems was maintained at 24TC. After 48 h, gas-exchange rates were measured at standard conditions. Treatment soil temperatures were maintained during measurements. After removal from the cuvette, shoot I was measured with a pressure chamber.
Leaf Conductance versus Water Potential
To assess the dependence of g& on I during root chilling, repeat measurements of these parameters were made on individual seedlings as soil temperature was lowered. Seedlings (1 10-d-old) were taken from the growth chamber to the laboratory where air temperature and RH were 24TC and 45%, respectively. Six fascicles (5-15 cm above the stem base) were propped on ring stands and needles were positioned with tape to ensure a constant PPFD (1000-1300 umol m-2 s-') and surface area through the experiment. Leaf conductance of the fascicles was measured every 5 to 8 min with a nullbalance porometer (LiCor LI-1600). After g& was at steady state for 2 h, roots were cooled from 240 to 10C. Soil temperatures reached 1VC within 1 h. Just before root chilling and continuing at 15-to 20-min intervals, one fascicle was severed after g1 measurement and placed in a pressure chamber for I determination. Measurements continued until all six fascicles were removed. The experiment was repeated on five seedlings.
Gas-Exchange Response to Vapor-Pressure Deficit
The potential involvement of hydraulic signals in the stomatal response to root chilling was examined further by investigating the interaction of VPD and root chilling on gas exchange. Seedlings (1 10-d-old) were taken from the growth chamber to the laboratory. Needles of one fascicle at midheight on the stem were placed in an open-system cuvette, and gas-exchange rates were monitored under standard conditions, except for RH of air entering the cuvette (see below). Leaf conductance of two fascicles exposed to the laboratory environment and attached to the stem above the cuvette and two fascicles attached below the cuvette was also measured every 5 to 8 min with a null-balance porometer. These fascicles were propped on ring stands and positioned as described previously. Air temperature and RH in the laboratory were 24°C and 45%, respectively, corresponding to a VPD ofabout 1.5 kPa. After gas-exchange rates were at steady state for 2 h, roots were cooled from 24 to 1C. Soil 
RESULTS

Gas-Exchange and Water Potential Response to Soil Temperature
Net photosynthetic rates of P. taeda seedlings gradually declined as soil temperatures dropped from 24°to 10°C (Fig.  1) (Fig. 1 Ca (%) Figure 4 . Relationship between the maximum rate of 02 evolution (Aa,) and ca for needles at -0.8 or -2.5 MPa. Values are means + 1 SE (n = 5).
Evolution
To ensure that 02-evolution measurements were made at a CO2 concentration that overcame diffusion limitations, we measured Amax at concentrations ranging from 3 to 25% Co2. At the traditionally used 5% C02, Amax of fascicles at a of -0.8 MPa was <85% of its maximum value (Fig. 4) . This apparent diffusion limitation at 5% CO2 was even greater in fascicles at a of -2.5 MPa; Amax at 5% CO2 was <75% of values at 15 to 20%. Thus, a concentration of 15% CO2 was used for measurements on the effects of root chilling on photosynthesis. Measurements of 02 evolution at this concentration did not indicate significant differences in t, Amax, or r of seedlings at 24°, 7°, or 1VC soil temperature (Table I) .
Split-Root Experiment
When half the root system of the split-root seedlings was chilled to 7°or 1C, no decreases in shoot or gas-exchange rates were apparent (Fig. 5) . Thus, nonhydraulic root signals were not implicated in lower gas-exchange rates after root chilling. Chilling both halves of the root system of seedlings caused reductions in shoot and gas-exchange variables comparable to when intact root systems were chilled (Fig. 1 ). 
Leaf Conductance versus Water Potential
Repeated measurements of g& and I on the same seedling during root chilling suggest a decrease in g& before any change in I (Fig. 6) . After chilling roots, g1 of all fascicles declined within 30 min. A comparison of gj and I of these fascicles with those sampledjust before chilling suggests relatively small reductions in g& preceded any detectable reductions in bulk fascicle I.
Gas-Exchange Response to VPD
In the initial VPD experiment, VPDs inside the cuvette and in the surrounding laboratory were 0.3 and 1.5 kPa, respectively. Upon root chilling, g1 ofthe four fascicles outside the cuvette declined in 30 min (Fig. 7) . Within 1.5 h, g, was reduced by >30%. In contrast, a decrease in g& of the fascicle in the cuvette was not apparent until 2.5 to 3.0 h after root chilling. A >30% decrease in g& was apparent after 3.5 to 4.0 h.
In the second experiment, VPDs in the cuvette and the laboratory were 1.5 kPa. Within 1. mannii (7), Picea abies, and Pinus sylvestris (19) are reduced <50%. These differences are not surprising since cold soil sensitivity varies considerably among species, with greater sensitivity in species native to warmer soil regimes (6, 17) . At soil temperatures down to 70C, reductions in A result primarily from stomatal limitations since c, declines (Fig. 1) and is increases (Fig. 3) . Similar increases in stomatal limitations of A have been reported in Pinus contorta (5) at low soil temperatures, as well as in P. taeda after soil drying (31) . Consistent with these results, our measurements of 02 evolution at saturating CO2 concentrations suggest that increases in biochemical limitations may be insignificant, as (I, Amax, and r are similar at 24°and 7TC (Table I) . While increases in biochemical limitations appear minor, if they do exist, A versus c, analysis suggests that they result from limiting RuBP regeneration, not ribulose-1 ,5-bisphosphate carboxylase/oxygenase activity, since regeneration rate declines while carboxylation efficiencies are unchanged from 240 to 70C (31) . As soil temperatures decrease from 70 to 1VC, the rise in calculated c; values suggests an increase in the nonstomatal limitations of A (Fig. 1) . Similar apparent increases in nonstomatal limitations have been documented in P. engelmannii and P. sylvestris at soil temperatures of 1VC (7, 8) . Surprisingly, measurements at saturating CO2 failed to show any declines in -, Ama., or F at 1C, suggesting nonstomatal limitations per se did not increase.
This anomaly in results presents two alternative interpretations with respect to the dominant limitation to A at soil temperatures below 7TC. If (Fig. 1 ) must therefore be artifact. While overestimates of ci may result from nonuniform stomatal apertures and failure to consider g, our data suggest that stomatal apertures were uniform (Fig. 2) , and g, effects cannot fully account (Fig. 1 (13) .
Increases in leaf and stem carbohydrate concentrations (27) and reductions in translocation of photoassimilates from leaves (14) have been reported in several other species at low soil temperatures. One explanation for the decline in g1 after root chilling involves a response to reductions in shoot A. We observed reductions in g& and I as soil temperature decreased (Fig. 1) , and found when shoot I was maintained after chilling only half the root system g& failed to decline (Fig. 5) (Fig. 7) . Finally, negative g& could be rapidly increased by misting fascicles outside the cuvette. Apparently, water uptake by fascicles outside the gas-exchange cuvette after misting led to a rapid increase in VP of intercellular airspaces in the fascicles in the cuvette, which resulted in a positive transpiration rate.
For water vapor uptake to occur through stomata, VP in the intercellular airspaces must be less than that in air surrounding the fascicle. As Ward and Bunce (34) noted, such a deviation from saturation cannot be explained by low bulk leaf I; needle I would have to be unrealistically low (about -13 MPa) for such a deviation. Thus, VP of air in the cuvette would be a maximum estimate of the VP in the intercellular airspaces. This translates into a maximum RH of 91% in intercellular airspaces during these periods, being similar to previously reported values of nonsaturated intercellular air (10, 15, 34) . That intercellular air can be substantially below saturation may result in significant errors in the calculation of g& and ci. As a first approximation of these errors, we recalculated gas-exchange rates from our initial soil temperature response data (Fig. 1) (Fig. 9) . Nonsaturated air within leaves could also have large effects on the A versus g, relationship, since calculations of A, but not g&, are relatively insensitive to these changes. Under our assumed pattern of decline of RH in intercellular airspaces, changes in the relationship between A and g, appear small (Fig. 8) . More information on RH in intercellular airspaces with respect to H20 vapor and CO2 flux are needed before the significance of this phenomenon can be fully evaluated. With respect to mechanisms controlling stomatal apertures following root chilling, it has been demonstrated that a rapid decline in VPD can result in a rapid increase in turgor of epidermal cells, followed by an increase in g, (26) . Short-term reductions in g& after root chilling may be in response to such decreases in turgor of epidermal cells, which go undetected by measurement of bulk leaf I. This decline in g, in response to root chilling appears related to hydraulic signals in that it could be delayed if VPD were maintained at 0.3 rather than 1.5 kPa (Fig. 7) . Additional evidence comes from an apparent partial reversal of cold-soil induced stomatal closure when we reduced VPD. Although there is some variability in the relationship between A and stomatal aperture, when VPD in the cuvette was decreased to 0. 3 
